A series of centrifuge model tests has been conducted to investigate the behavior of a single pile subjected to excavationinduced soil movements behind a stable retaining wall in clay. The results reveal that after the completion of soil excavation, the wall and the soil continue to move and such movement induces further bending moment and deflection on an adjacent pile. For a pile located within 3 m behind the wall where the soil experiences large shear strain ͑Ͼ2%͒ due to stress relief as a result of the excavation, the induced pile bending moment and deflection reach their maximum values sometime after soil excavation and thereafter decrease slightly with time. For a pile located 3 m beyond the wall, the induced pile bending moment and deflection continue to increase slightly with time after excavation until the end of the test. A numerical model developed at the National University of Singapore is used to back-analyze the centrifuge test data. The method gives a reasonably good prediction of the induced bending moment and deflection on a pile located at 3 m or beyond the wall. For a pile located at 1 m behind the wall where the soil experiences large shear strain ͑Ͼ2%͒ due to stress relief resulting from the excavation, the calculated pile response is in good agreement with the measured data if the correct soil shear strength obtained from postexcavation is used in the analysis. However, if the original soil shear strength prior to excavation is used in the analysis, this leads to an overestimation of the maximum bending moment of about 25%. The practical implications of the findings are also discussed in this paper.
Introduction
Owing to huge land cost in many large cities, buildings are often constructed in close proximity to one another. Basement excavation work for a new building would result in soil movements behind the retaining structure. The soil movements might induce considerable bending moment and deflection on the pile foundations supporting existing structures nearby. Centrifuge model studies had been carried out at the National University of Singapore ͑Leung et al. 2000 to investigate the effects of excavation-induced soil movements on adjacent single piles and pile groups in sand, respectively. They established that for piles in sand, the induced pile bending moment and deflection increase with increasing excavation depth but decrease exponentially with increasing distance between the pile and the retaining wall. As clay rather than sand is the predominant subsurface material in many cities, the earlier studies are therefore extended to investigate the behavior of a single pile due to excavation-induced soil movement behind a stable retaining wall in clay. The centrifuge model test results and the practical implications of the findings are reported in detail in this paper.
Centrifuge Model Setup and Procedure
In centrifuge model tests, there are several approaches to simulate soil excavation in front of a retaining wall. In the 1970s ͑Lyndon and Schofield 1972͒, model excavation was carried out at 1g and the centrifuge model was then subjected to an increasing centrifugal acceleration field until the wall failed. This method has many severe limitations and was superseded by simulating the soil excavation with drainage of heavy liquid in-flight ͑Bolton and Powrie 1987 . A portion of the soil is removed at 1g and replaced by heavy liquid ͑typically zinc chloride ZnCl 2 ͒ that is contained in a latex bag and has the same unit weight as the soil. Soil excavation is then simulated by releasing ZnCl 2 out of the bag during centrifuge flight. However, this method may not simulate the actual excavation correctly as the coefficient of lateral pressure of ZnCl 2 is 1 and may be different from that of the soil. Recently a most realistic method ͑Kimura et al. 1994; Loh et al. 1998͒ has been developed by excavating the soil in-flight using a complex robot excavator. Owing to space constraint in accommodating the robot excavator in the model setup, the method of draining ZnCl 2 is employed to simulate the soil excavation in the present study. The limitations of the adopted model excavation technique will be further discussed later in the section on test configuration and soil characterization.
The centrifuge model setup shown in Fig. 1 is essentially the same as that employed in the earlier studies on sand. All the tests in the present study were conducted at 50g on the National University of Singapore geotechnical centrifuge. The internal dimensions of the stainless steel model container are 540 mm long, 200 mm wide, and 470 mm high. Water tightness is ensured by bolting all connecting faces of the model container with rubber seals or gaskets in between. The entire testing process was photographed by a high resolution camera through the front transparent perspex window of the model container.
Before soil placement, grease was first applied to the four walls of the container to reduce friction at the soil/wall interfaces. The model container was then filled with water and Toyoura sand was rained from a height of 600 mm to form the underlying sand layer of appropriate thickness. A sheet of filter paper was then placed on top of the sand to prevent subsequent mixing of sand and clay.
To prepare the clay sample, kaolin powder was mixed at a water content of 120% in a mixer to produce uniform clay slurry. Simultaneous mixing and de-airing were done in the mixer for about 4 to 5 h. The kaolin slurry was then placed under water in the model container until the desired height was reached. Two miniature de-aired pore pressure transducers ͑PPTs͒ were then embedded in the kaolin slurry. The clay was gradually consolidated until a maximum surcharge pressure of 20 kPa. The model container was then placed on the centrifuge and subjected to 50g acceleration field. During this period of self-weight consolidation of the clay, the dissipation of excess pore water pressures in the clay and the ground settlements were monitored by PPTs and potentiometers, respectively. It normally took approximately 90 min for the ground settlements to stabilize and the pore pressures to reach the hydrostatic pressure. The final thickness of the clay layer is about 130 mm.
After at least 90% self-weight soil consolidation has been achieved, the centrifuge was spun down and the back face of the model container ͓Fig. 1͑a͔͒ was removed to facilitate the insertion of additional PPTs in the clay at positions shown in Fig. 1͑b͒ . The model pile and model wall were then installed by jacking them vertically into the clay using guides. The model pile was fabricated from a hollow square aluminum tube and instrumented with 10 pairs of strain gauges. Epoxy was applied to the entire length of the pile with the final pile width measuring 12.6 mm ͑630 mm in prototype scale͒. The total length of the pile is 350 mm with a soil embedment depth of 250 mm or 12.5 m in prototype scale. The prototype bending rigidity, EI, of the pile is calibrated to be 2.2ϫ 10 5 kN· m 2 , which is equivalent to that of a 600-mm diameter cast in situ Grade 35 concrete bored pile. The model retaining wall is made of a 3-mm-thick aluminum plate with a prototype bending rigidity of 24ϫ 10 3 kN· m 2 / m. This is equivalent to a FSP-IIA sheet pile with a prototype embedment depth of 8 m. After the installation of model pile and wall, a portion of the clay was then carefully removed and replaced by a latex bag containing ZnCl 2 solution. The density and height of the ZnCl 2 solution were made identical to those of the removed clay.
The front perspex window of the model container ͓Fig. 1͑a͔͒ was subsequently removed to facilitate the placement of markers along the edge of the retaining wall and on the clay facing the perspex at 20 mm square grids. After this process was completed and the front perspex and back faces of the model container were fixed back, a CV-M1 2 / 3 in. charge coupled device progressive scan high resolution image processing camera was mounted in front of the perspex window. For a high resolution image, a pixelto-pixel spacing of less than 0.1 mm could be achieved. Two spot lights, each with a 50 W halogen bulb, were positioned on a cross bar at a specific distance in front and parallel to the model container to achieve the best lighting effects during centrifuge tests. All captured images were stored in a computer placed on board of the centrifuge arm. Potentiometers were then installed to measure the ground settlements behind the excavation. The pile head deflection was monitored by two noncontact laser transducers. Based on the manufacturer's specifications, these highly accurate laser transducers have a maximum displacement measurement range of 20 mm and a sensitivity of ±0.005 mm when applied on aluminum material. This translates to a maximum measurement error of ±0.25 mm in prototype scale. The completed model setup was then spun up to 50g to allow the soil to reconsolidate. After both the pore water pressures and ground settlements behind the wall showed negligible changes, the ZnCl 2 solution in the latex bag was then released through the remote-controlled solenoid valve ͓see Fig. 1͑b͔͒ to depict the in-flight excavation of soil. There was a gradual drop in the water level behind the retaining wall due to water evaporation and seepage from the retained side to the excavated side of the wall during a test. In view of this, the ground water level before the test was kept higher than the ground surface such that the final water level at the end of the test was still slightly above the ground surface to prevent the clay from cracking due to drying up of the clay. The ground water elevation behind the wall was monitored by 2 PPTs ͑not shown in Fig. 1 for clarity͒ placed on the soil surface. Prior to excavation, the ground water level in front of the wall was kept at the level of the base of the latex bag. As the behavior of clay is time-dependent, the tests were only terminated about 3 h ͑310 days of soil consolidation in prototype scale͒ after the completion of soil excavation. During the test proper, all instruments were each sampled at a rate of 1 sample per second and high-resolution photographs were taken at regular intervals.
Test Configuration and Soil Characterization
The results of four centrifuge model tests involving a stable retaining wall are presented in this paper. Unless otherwise stated, the test results are presented in prototype scale hereinafter. In each test, the maximum soil excavation depth is fixed at 1.2 m. Using the limit equilibrium analysis ͑Bolton and Powrie 1987͒, the required wall embedment depth should be at least 3.4 m. In order to ensure a sufficiently high factor of safety against wall collapse, the wall was embedded 8 m into the soil penetrating through the entire clay layer and socketed 1.5 m into the underlying sand layer. The four tests are labeled as Tests 1, 2, 3, and 4 with a single pile located at 1, 3, 5, and 7 m behind the retaining wall, respectively. In all cases, the pile was socketed 6 m into the lower sand layer and rested directly on the base of the model container.
Under a confining pressure of between 50 and 100 kPa, the internal friction angle, Ј, of the underlying Toyoura sand was determined to be about 43°. The Malaysian kaolin clay has a liquid limit of 80%, plastic limit of 40%, compression index of 0.64, and swelling index of 0.14. The coefficient of permeability of normally consolidated kaolin clay at a consolidation pressure of 100 kPa was determined to be about 1.36ϫ 10 −8 m / s. The clay has a coefficient of earth pressure at rest of about 0.6, a specific gravity of 2.65, and Ј of 23°.
To evaluate the undrained shear strength of the clay, T-bar penetrometer tests ͑Stewart and Randolph 1991͒ were performed in-flight at 1.5 and 3 m behind the retaining wall. The surface of the T-bar was smoothened by machine to minimize friction during its penetration into the clay. Fig. 2 shows the undrained shear strength profile of the clay prior to and after excavation. The strength profile obtained prior to soil excavation suggests that the sample preparation process of excavation and the placement of latex bag at 1g had not disturbed the clay significantly as long as the clay was subject to reconsolidation in the centrifuge prior to the test proper. In addition, the profile reveals a distinct top 2.5 m overconsolidated crust created by preconsolidation at 1g and below which is a normally consolidated clay sample. After soil reconsolidation and prior to excavation, the undrained shear strength ͑c u ͒ profile of the clay can be reasonably represented by
͑1͒
where vo Ј = effective overburden pressure; and OCRϭover-consolidation ratio of the clay. Fig. 2 shows that at a distance of 1.5 m behind the wall, there is a significant reduction in the undrained shear strength after excavation for the top 1.8 m of soil, despite that the maximum excavation depth is only 1.2 m. On the other hand, there is no noticeable reduction in the undrained shear strength at a distance of 3 m behind the wall. The insertion of T-bar penetrometer would inevitably push the soil towards the retaining wall. At 1.5 m behind the wall, the T-bar was over 4 bar diameters away from the wall and the image processing results revealed that the whole wall did not move during the T-bar tests, it can hence be deduced that the T-bar gives reasonably accurate measurements of the undrained shear strength profile.
A major limitation in using ZnCl 2 to simulate excavation is that the coefficient of lateral pressure of liquid is 1 which may be different from that of the soil. As such, the "soil" represented by ZnCl 2 between the current and final excavation depths at intermediate stages of excavation cannot develop a resisting pressure in excess of the fluid pressure in the flexible latex bag. In the present study, there is a 2.5 m overconsolidated clay layer above the normally consolidated kaolin clay. As the excavation depth is only 1.2 m, the excavated soil lies entirely within the overconsolidated layer. In an earlier centrifuge model study on the excavation of overconsolidated clay using ZnCl 2 ͑Powrie 1986͒, the lateral earth pressure of the clay was established to be about 1 and close to the lateral pressure coefficient of ZnCl 2 . Thus it is believed that the use of ZnCl 2 to simulate excavation could also yield fairly reliable test results in the present study.
Test Results
Figs. 3͑a-c͒ show the development of excavation depth, wall head deflection, and pile head deflection at ground level, respectively, with time. The wall head deflection is obtained from the movement of markers placed around the ground level elevation on the edge of the wall using an image processing technique. The method of estimating the marker movements will be described later. On the other hand, the pile head deflection at the ground level is derived by geometry from two displacement readings obtained along the free-standing portion of the pile. As the progress of excavation depth and wall head deflection with time for the four tests are essentially very similar, only a typical set of test data are shown in Figs. 3͑a and b͒ for clarity. By considering that the equivalent prototype soil excavation area would be carried out by medium size excavators in the field, the rate of excavation is determined to be about 0.55 m per day. As such, the full excavation depth of 1.2 m over an area of approximately 100 m 2 is to be completed in 2.2 days in the tests. This relatively rapid excavation rate would prevent significant softening of the soil due to swelling during the simulated excavation in the centrifuge, as recommended by Powrie and Kantartzi ͑1996͒ and Powrie and Daly ͑2002͒. Fig. 4 shows the measured settlement troughs at different times. These troughs are derived from several displacement transducers placed at various distances behind the wall. As expected, the magnitude of soil movement decreases with increasing distance from the wall. It is noted that after completion of excavation, the soil continues to settle with time while the rate of increase in settlement decreases with time. However, between the period of completion of excavation to the end of test ͑about 310 days in duration͒, the incremental soil settlements are noted to be higher at locations further away from the wall than those nearer to the wall. Fig. 4 further reveals that the soil settlement extends to a great distance behind the wall. In reality, the far-field soil settlement may not be as exaggerated as that observed in Fig. 4 . This is due to the fact that since no ground water recharge is allowed in the centrifuge container, the whole block of soil constraint by the dimensions of the container is affected by the change in the ground water regime caused by the excavation process, giving rise to a greater distance of influence than in reality. Fig. 5͑a͒ shows the induced bending moment profile along the pile at different times obtained from Test 2 for a pile located 3 m behind the wall. The induced bending moment is noted to increase with excavation depth and the maximum induced bending moment is located at about 7.5 m below the ground. After completion of excavation, the bending moments along the pile continue to increase for sometime and reach the respective peak values at about 50 days after completion of excavation after which they decrease slightly with time. The induced shear force and soil pressure profile along the pile can be derived from the first and second derivatives of the bending moment profiles, respectively. This is achieved by fitting a fourth order spline function between successive data points. On the other hand, the pile deflection profile can be obtained by integrating the spline function for the bending moment profiles twice with two specified boundary conditions in the double integration. The first condition is the measured pile head displacement and the second is zero pile toe rotation. Alternatively, very similar results can be deduced for the second condition if the position of zero pile movement that corresponds to the elevation of zero change in pressure is adopted. Figs. 5͑b-d͒ show the derived pile shear force, deflection, and lateral soil pressure profiles, respectively. It is noted that the pile shear force, deflection, and soil pressure profiles also reach the respective peak values 50 days after excavation and after which they reduce slightly with time.
The development of maximum induced pile bending moment along the pile with time for all four tests is shown in Fig. 3͑d͒ . The elevation of the maximum induced pile bending moment is noted to be the same for all four tests. As mentioned earlier, for Test 2 with the pile located at 3 m behind the wall, the maximum induced bending moment reaches its peak value 50 days after completion of excavation after which the bending moment decreases slightly with time. For Test 1 with the pile located very close to the wall at 1 m away, the trend is similar except that the peak value of maximum bending moment is reached four days after completion of excavation. On the other hand, for Tests 3 and 4 with the pile located further away from the wall at 5 and 7 m away, respectively, the maximum bending moment is observed to increase continuously with time. Figs. 3͑c and d͒ clearly show that the induced pile bending moment and deflection reduce considerably with increasing distance between the pile and the wall. It is also evident from Figs. 3-5 that the movements of the wall, the soil, and the pile as well as the induced pile bending moment are dependent upon excavation depth and time. Further evaluation of the time-dependent responses of the pile, the soil, and the wall are examined in the next section.
Evaluation of Time-Dependent Pile Responses
Pore Water Pressure Fig. 6 shows the changes in excess pore pressures in the soil within the first 30 days of a typical test. The location of the four PPTs are shown in Fig. 1 . The excess pore pressure is the measured pore pressure minus the ground water pressure. It should be noted that the ground water pressure varies throughout the test due to a gradual drop in the water level caused by water evaporation and seepage as well as the drag down of the pore pressure transducer by the settling soil. For PPTs 1, 2, and 3, the drop in the ground water level was measured by 2 PPTs placed on the ground level while the downward movement of a transducer was estimated by the movement of the closest soil marker from highresolution photographs taken during the tests. Fig. 6 reveals that negative excess pore pressures have developed during excavation.
For PPTs 1, 2, and 3 that are located behind the wall, negative excess pore pressures develop and increase with excavation depth and then dissipate with time after the excavation has been completed. Both PPT 2 and PPT 3 readings exhibit the similar trend of excess pore pressure as the transducers are located close to the permeable sand layer where seepage can occur easily. However, closer examination of the pressure magnitudes reveals that PPT 2 exhibits a higher excess pore pressure after excavation. This is reasonable as PPT 2 is located closer to the wall than PPT 3. The above results reveal that there is stress relief in the soil and water seepage from the retained side to the excavated side of the wall. Hence the soil and the wall continue to move with time after excavation. Fig. 7 shows the excess pore pressure responses for the entire test duration. The excess negative pore pressures behind the wall have fully dissipated within 30 days after the completion of excavation, as indicated by the readings of PPTs 1, 2, and 3. PPT 4, which is embedded at 2.5 m beneath the excavation base in front of the wall, experiences some fluctuations in readings. Prior to excavation, the water level in front of the wall was kept at the level of the base of the latex bag ͑i.e., excavation base elevation͒. Photographs taken during the tests revealed that the ground water within the excavation gradually rose due to water seepage from the retained side. As the rising ground water level within the excavation could not be accurately determined over time due to the obstruction of the latex bag in the excavation area, the datum of the ground water level is assumed to remain fixed at the excavation base elevation for simplicity. For this reason, it is observed that the calculated excess pore water pressure at PPT 4 ͑see Fig. 7͒ shows a rapid rise between about 100 and 130 days after completion of excavation. As such, the PPT 4 readings shown in Fig. 7 may not reflect the excess pore pressure magnitudes accurately. Despite the above shortcomings, the trend of PPT 4 readings over time clearly reveal that significant seepage has taken place from the retained side to the excavated side of the wall through the underlying permeable sand layer. This also means that a steady-state condition would not be reached until the water levels on both sides of the wall had equalized, since the hydraulic boundary conditions after excavation were constantly changing. It is acknowledged that the above is a limitation of the present experimental setup which should be improved in future studies. 
Subsurface Soil Movements
The above excess pore pressure responses reveal that the soil behavior is time dependent and the soil continues to move with time due to dissipation of excess pore pressure. To further investigate the time-dependent phenomenon, the subsurface soil movements are examined in detail in this section. Fig. 8͑a͒ shows selected photographs of soil markers taken at different times of Test 2 ͑pile located 3 m from the wall͒ using the highresolution image-processing camera. By comparing the position of the soil markers from the photographs using the commercial computer software OPTIMAS, the soil movement vectors could be derived and shown in Fig. 8͑b͒ . It is noted that relatively large subsurface soil movements start to occur beyond an excavation depth of 1 m. This observation is consistent with the corresponding large increase in the pile deflection and bending moment when excavation depth exceeds 1 m, as shown in Figs. 5͑c and a͒, respectively. Fig. 8͑b͒ further reveals that the soil deformations increase significantly as the wall moves and the significant soil deformation zone extends deeper with increasing wall movement. This zone is confined to an approximate triangular area behind the wall bounded by a line of about 45°to the vertical. The size of the zone increases with time after the completion of excavation. This observed soil deformation zone is somewhat similar to that observed in an earlier study ͑Bolton and Powrie 1988͒. The base of the maximum soil deformation zone is observed to be at the bottom elevation of the clay layer, as illustrated in the lowest sketch of Fig. 8͑b͒ . As the test configuration is identical for Tests 1 to 4 except for the pile location from the wall, it can be assumed that the soil deformation zone is the same for the four tests.
It can hence be deduced that the proportion of a pile located within the significant soil deformation zone would decrease with increasing distance of pile from the wall, supporting the earlier observation of decreasing pile bending moment and deflection with increasing pile distance. Fig. 9 shows a photograph of the top view of the ground surface taken after a test. Many fissures have been observed to develop around the pile and these fissures have been identified and marked on the figure. The soil movement and the development of fissures around the pile clearly illustrate that the problem under study is three-dimensional in nature. This phenomenon will be further investigated in a companion paper on pile performance behind a collapsed wall ͑Leung et al. 2005͒ .
To further examine the phenomenon of progressive soil movements, the soil movement vectors can be translated to shear strains ͑Ou et al. 2000͒. The shear strains provide an indication on the degree of soil shearing and reduction in soil stiffness during and after excavation. Fig. 8͑c͒ shows the measured shear strains of the clay at different stages. Upon completion of excavation, the development of shear strain is confined to within 4 m behind the wall. Within 50 days after the completion of excavation, the shear strains have propagated further and deeper due to progressive wall movement shown in Fig. 3͑b͒ .
The development of shear strains around the pile is consistent with the concept of characteristic meshes in a plastically deformed cohesive soil ͑Randolph and Houlsby 1984͒. In such a case, the soil surrounding the piles would experience a reduction in strength and shear modulus ͑Menzies 1997͒. It is believed that this scenario applies to the soils within the soil deformation zone in the present study. Therefore, for a pile with a substantial portion of it lying within this largely plastically deformed soil region, there would be a relaxation of the induced pile bending moment once the soil within the deformation zone has weakened. With reference to the interpretations of soil strain field results behind a stable retaining wall ͑Bolton and Powrie 1988͒, the writers propose that the 2% soil shear strain be the threshold value above which the soil strength and stiffness would decrease considerably. The 2% shear strain contour is highlighted in the diagrams of Fig. 8͑c͒ . Between 50 and 300 days after the completion of excavation, the main plastic deformed soil region ͑within a distance of 1.5 m behind the wall͒, extends to a depth of about 3 m and a width of 2.5 m. This observation is consistent with the postexcavation undrained shear strength measurements shown in Fig. 2 whereby the soil at 1.5 m behind the wall has significantly weakened after excavation while the soil at 3 m behind the wall remains practically undisturbed. Fig. 8͑c͒ also reveals that for piles located further away from the wall, the magnitudes of shear strains around the piles wouldbe considerably smaller than those located closer to the wall. Hence the majority of the soil surrounding the piles has not weakened. This helps to explain the progressive increase in pile bending moment for Tests 3 and 4 over time shown in Fig. 3͑d͒ . Fig. 10 shows the measured free-field lateral soil movement profiles at different locations behind the wall and times derived from the photographs of soil markers of a typical test. As expected, the magnitudes of lateral soil movements are noted to reduce with increasing depth and distance away from the wall. Once again, Fig. 10 confirms that the soil continues to move after completion of excavation. These soil movement profiles will be used as part of the input parameters for the numerical back-analyses presented in the next section.
Numerical Back-analyses
A simplified numerical model ͑Chow and Yong 1996͒ is used to back-analyze the responses of single pile subjected to lateral soil movements in clay. In this model, the pile is modeled as a series of linear elastic beam elements and the soil is idealized using the modulus of subgrade reaction. This numerical method has been adopted successfully to back-analyze the centrifuge model test on a single pile subject to excavation-induced soil movements in sand ͑Leung et al. 2000͒. The approach is similar to that of two earlier studies ͑Goh et al. 1997; Poulos and Chen 1997͒ except for the case of Poulos and Chen, the soil is modeled as an elastic continuum. The numerical analysis requires the knowledge of the pile flexural rigidity ͑E p I p ͒, the distribution of lateral soil stiffness ͑K h ͒ with depth, the limiting soil pressures ͑p y ͒ that acts on the pile, and the lateral soil movement profile at the pile location. The distribution of lateral soil stiffness with depth, K h , is assumed to be related to the Young's modulus of the soil, E s , as follows ͑Chow and Yong 1996͒:
For lateral loading, E s of clay ranges from 150c u to 400c u ͑Poulos and Davis 1980͒. For the soft kaolin clay used in the present study, it is taken that
The following equation proposed by Poulos and Davis ͑1980͒, based on a modification of the work by Broms ͑1964͒ for the limiting soil pressure, is used in the numerical model:
where z = depth and d = pile diameter/width. This limiting pressure models the soil flow around the pile when soil failure occurs. For the underlying sand layer, it is proposed that ͑Leung et al. 2000͒
This simplified one-dimensional model takes into account the flow of the soil past the pile when soil failure occurs. This effect cannot be simulated using a two-dimensional plane strain finite element model. To properly analyze this problem would, otherwise, require modeling the problem in three dimensions which would require a considerable amount of computer resources and time. In design, the most important concern is the induced maximum bending moment on the pile. As the pile responses are time dependent, the measured lateral soil movement profile corresponding to the measured peak pile bending moment profile for the individual tests is used as the input in the back-analysis. If this is unavailable, the free-field soil movement may be estimated using two-dimensional plane strain finite element analysis. The input undrained shear strength values are based on the measured strength profile prior to excavation. Figs. 11͑a and b͒ show a comparison between the measured and calculated maximum bending moment and deflection profiles of the pile for the four tests. It is noted that the measured and calculated pile responses for Tests 2, 3, and 4 reveal fair agreement. However, for Test 1 with the pile located 1 m behind the wall, the calculated pile maximum bending moment is about 25% higher than the measured values if the preexcavation undrained shear strength values are used. Fig. 2 reveals that after excavation, the soil within 1.5 m behind the wall has experienced a substantial reduction in the undrained shear strength for the top 1.8 m depth of soil, despite that the maximum excavation depth is only 1.2 m. This reduction could be attributed to stress relief in the soil and water seepage from the retained side to the excavated side of the wall. Fig. 2 also shows that the soil at 3 m or beyond behind the wall has not weakened due to the excavation. The Test 1 results were reanalyzed using the postexcavation undrained shear strength profile obtained at 1.5 m from the wall as shown in Fig. 2 . This yields a smaller limiting soil pressure profile in the upper soil region to better reflect the situation of large strain soil deformation. The revised calculated pile bending moment and deflection profiles for Test 1 are also shown in Figs. 11͑a and b͒. It is evident that the revised calculated pile responses give a substantially better agreement with the measured pile responses. Fig. 8͑c͒ reveals that the significant soil shear strain ͑taken as 2%͒ extends to about 2 m behind the wall. It is hence suggested that the postexcavation undrained shear strength, which reflects the correct soil strength due to the stress relief resulting from the excavation, should be employed in the back-analysis if the pile is located within 2 m from the wall.
Hence the correct soil shear strength profile should be used in Eq. ͑4͒ to give a reasonable estimate of the pile response. The large strain soil deformation situation will be further investigated in a companion paper ͑Leung et al. 2005͒ when addressing the pile behavior due to excavation-induced soil movement behind a collapsed wall.
Conclusions
A series of centrifuge model tests has been carried out to investigate the effects of excavation-induced soil movements on a free-headed single pile adjacent to an unstrutted excavation in clay behind a stable retaining wall. The tests were terminated 310 days after completion of excavation and the distance between the pile and the wall ranges from 1 to 7 m ͑i.e., the pile is located at 0.8 to 5.8 times excavation depth behind the wall͒. An existing numerical method with the pile modeled as a series of linear elastic beams and the soil idealized using the modulus of subgrade reaction has been employed to back-analyze the induced pile bending moment and deflection based on the observed free-field soil movement profile at the pile location. Based on the measured undrained shear strength profiles before and after excavation, the interpretation of induced pile bending moment and deflection profiles in relation to the observed free-field soil movement profiles, and the results from the numerical backanalysis, the findings that are relevant to engineering practice are summarized as follows: 1. Owing to stress relief, the postexcavation undrained shear strength for the top 1.8 m depth of soil within 1.5 m behind the retaining wall has been significantly reduced, despite that the maximum excavation depth is only 1.2 m. 2. The significant soil deformation zone is confined to an approximate triangular area behind the wall bounded by a line of about 45°to the vertical. The base of the zone is at the bottom of the clay layer. 3. The induced bending moment and deflection on a pile located at 1 m ͑0.8 times excavation depth͒ behind the wall is significant as the soil has been significantly weakened after excavation. The induced pile responses reduce considerably with increasing distance between the pile and the wall as the proportion of pile length within the significant soil deformation zone reduces. 4. Owing to dissipation of excess pore pressure after completion of excavation, the wall and soil continue to move with time. As a result, the induced pile bending moment and deflection also increase with time. Such time-dependent pile responses should be taken into account in engineering practice.
5. The induced pile bending moment and deflection can be predicted reasonably well using an existing numerical method for piles located at 3 m ͑2.4 times excavation depth͒ and beyond the wall. In these cases, the free-field soil movement profile at the pile location and the preexcavation undrained shear strength, which does not change due to the excavation, are employed in the back-analysis. For a pile located at 1 m behind the wall, the calculated and measured pile bending moments are in good agreement when the postexcavation undrained shear strength profile is used in the back-analysis. However, if the original preexcavation shear strength profile is used, the calculated maximum pile bending moment is about 25% higher than the measured value. The topics of pre-and post-undrained shear strength and limiting soil pressure on the pile will be extensively investigated in the companion paper ͑Leung et al. 2005͒ involving a study on single pile behind a collapsed retaining wall.
